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Control of Centromere Localization
of the MEI-S332 Cohesion Protection Protein
moter, we expressed various deletion constructs of MEI-
S332 in Drosophila S2 cells by transient transfection
(Figure 1A). The GFP-expressing cells were recovered
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Jacqueline M. Lopez,1 and Terry L. Orr-Weaver*
Whitehead Institute
Department of Biology by flow cytometry, stained with DAPI, and scored for
MEI-S332 localization. A MEI-S332-GFP fusion proteinMassachusetts Institute of Technology
Cambridge, Massachusetts 02142 with GFP at the same N-terminal site has been shown
to be fully functional in vivo [10].
As controls for the accuracy of MEI-S332 localization
in our system, we expressed full-length MEI-S332 fusedSummary
to GFP. This fusion protein localizes to centromeres in
93% of transfected S2 metaphase cells (Figure 1B, TableIn mitosis and meiosis, cohesion is maintained at the
centromere until sister-chromatid separation. Dro- 1), as confirmed by colocalization with anti-CID, a cen-
tromere-specific histone (data not shown). As an addi-sophila MEI-S332 is essential for centromeric cohe-
sion in meiosis and contributes to, though is not abso- tional control, we generated a deletion that truncates
the same part of the C terminus that is missing in thelutely required for, cohesion in mitosis. It localizes
specifically to centromeres in prometaphase and delo- MEI-S332 protein made in the mei-S3327 mutant (Figure
1A, deletion a). This allele abolishes localization on mi-calizes at the metaphase-anaphase transition [1, 2].
In mei-S332 mutants, centromeric sister-chromatid totic and meiotic chromosomes in vivo [2]. In transfected
S2 cells, the deletion a protein failed to localize specifi-cohesion is lost at anaphase I, giving meiosis II mis-
segregation [3–5]. MEI-S332 is the founding member cally onto chromosomes (Table 1). Therefore, our S2
cell system faithfully reproduces aspects of in vivo MEI-of a family of proteins important for chromosome seg-
regation. One likely activity of these proteins is to pro- S332 localization.
We generated a series of deletions spanning the MEI-tect the cohesin subunit Rec8 from cleavage at the
metaphase I-anaphase I transition [6–9]. Although the S332 protein to define domains needed for chromo-
somal localization and found the conserved N and Cfamily members do not show high sequence identity,
there are two short stretches of homology, and muta- termini of the protein to be essential (Figure 1A). The
localization pattern of the deletion a construct, whichtions in conserved residues affect protein function [2,
6]. Here we analyze the cis- and trans-acting factors mimics the protein structure of MEI-S3327, was consis-
tent with a role for the C terminus of the protein inrequired for MEI-S332 localization. We find a striking
correlation between domains necessary for MEI-S332 chromosomal localization, as has been demonstrated
in vivo. Point mutations located in the last 26 aminocentromere localization and conserved regions within
the protein family. Drosophila MEI-S332 expressed in acids of the C terminus, such as alleles 2, 6, and 10,
disrupt MEI-S332 localization in mitosis and meiosis [2].human cells localizes to mitotic centromeres, further
highlighting this functional conservation. MEI-S332 A large deletion of the N terminus (deletion b) demon-
strated that a region at the N terminus also was essentialcan localize independently of cohesin, assembling
even onto unreplicated chromatids. However, the sep- for localization (Figure 1B, Table 1). To delineate further
the domain necessary for localization, we split the regionarase pathway that regulates cohesin dissociation is
needed for MEI-S332 delocalization at anaphase. into two smaller deletions (deletions c and d). We found
that the essential region included the conserved coiled-
coil (Table 1). We tested the requirement for this domainResults and Discussion
by specifically deleting the coiled-coil region (deletion
e) and found that this protein did not localize to chromo-The Conserved N- and C-Terminal Domains
of MEI-S332 Are Essential somes (Figure 1B, Table 1). This is not due to lack of
protein expression, because Western blotting showedfor Centromere Localization
that all of our deletion proteins were expressed (Supple-The MEI-S332 family members share short conserved
mental Figure S1).regions at the N and C termini, with a highly polar region
We next focused on the central region of the protein,in the middle of the protein [6, 8]. Given the limited
a region whose sequence is not conserved within thesequence conservation among family members, we de-
family, although in all family members it is marked by alineated the protein domains essential for centromere
bias toward charged residues. Almost all of the or-localization. MEI-S332 localization and dissociation
thologs also show high probabilities of PEST sequencesfrom mitotic chromosomes coincides with times of sis-
between the conserved N and C termini [11]. The func-ter-chromatid cohesion presence and release [1, 2]. We
tion of these regions has not been delineated. Alleledevised a rapid assay for MEI-S332 localization in mi-
mei-S3325, which changes Ser-277 to Phe, has onlytotic Drosophila cultured cells. By fusing mei-S332 to
slight effects on meiotic chromosome segregation andan N-terminal gfp tag under a constitutive armadillo pro-
does not perturb protein localization, hinting that this
region might not be crucial for protein function [2, 5].*Correspondence: weaver@wi.mit.edu
We examined this region with a number of deletions.1Present address: Department of Molecular Biology and Genetics,
Cornell University, Ithaca, New York 14850. Deletions h, i, and j together cover much of the middle
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Figure 1. MEI-S332 Deletions Delineate Domains at the N and C Termini Critical for Its Localization
(A) Drosophila MEI-S332 is a 401 aa protein, with a putative coiled-coil region at the N terminus, predicted PEST sequences in the middle of
the protein, and a highly basic region at the C terminus. The locations of alleles 9 (aa13) and 6 (aa384) are shown; these residues are conserved
in the family of MEI-S332-like proteins. The location of the allele 7 mutation is shown by an arrow. The MEI-S3327 protein is truncated, and
a deletion construct that mimics the truncated protein fails to localize in S2 cells, as expected from in vivo data. Colored bars represent the
amino acids deleted in each construct. Red bars indicate deletion constructs in which the encoded protein does not localize to metaphase
chromosomes, whereas green bars indicate those that can localize.
(B) S2 cells were transiently transfected with mei-S332-gfp constructs with various domains deleted. Examples of several metaphase figures
at 48 hr posttransfection are shown. Full-length MEI-S332 fused to GFP (FL) localizes to metaphase chromosomes. Deletion of the N-terminal
amino acids (b) abolishes chromosomal localization. A deletion of the coiled-coil region (e) fails to localize to chromosomes in metaphase.
A deletion construct removing 100 amino acids in the middle of the protein (i) still localizes to chromosomes. The GFP signal in e is
overexposed to show that there is no specific localization. DAPI staining of the DNA is shown in the left column, GFP signal in the middle
column, and merged images on the right (blue, DNA; green, GFP). Scale bar equals 2 m.
part of the protein. Deletion h is missing both of the mutated in allele 5, and deletion j uncovers the region
from the position of the allele 7 truncation to a site 40predicted PEST sequences, the first of which includes
an acidic region in which 14 out of 26 residues are amino acids from the C terminus of the protein. All three
of these fusion proteins localized to metaphase chromo-aspartate or glutamate. Deletion i removes most of the
second predicted PEST sequence and the amino acid somes and compellingly confirmed our observation that
Table 1. Metaphase Localization of mei-S332-gfp Deletions
No Specific
Deletion GFP Dots Localization GFP Spread Other Total
Full-length 92.6 (50) 3.7 (2) 3.7 (2) 0.0 (0) 54
a 2.9 (1) 94.3 (33) 0.0 (0) 2.9 (1)a 35
b 0.0 (0) 100.0 (30) 0.0 (0) 0.0 (0) 30
c 0.0 (0) 100.0 (32) 0.0 (0) 0.0 (0) 32
d 71.7 (38) 26.4 (14) 0.0 (0) 1.9 (1)b 53
e 0.0 (0) 100.0 (37) 0.0 (0) 0.0 (0) 37
f 83.3 (25) 3.3 (1) 13.3 (4) 0.0 (0) 30
g 14.3 (2) 85.7 (12) 0.0 (0) 0.0 (0) 14
h 59.7 (40) 13.4 (9) 26.9 (18) 0.0 (0) 67
i 76.7 (33) 2.3 (1) 20.9 (9) 0.0 (0) 43
j 83.3 (30) 0.0 (0) 16.7 (6) 0.0 (0) 36
k 71.7 (38) 0.0 (0) 28.3 (15) 0.0 (0) 53
Transfected S2 cells in metaphase were scored for their GFP localization patterns. Cells are classified as having GFP dots on chromosomes,
no specific GFP localization in the cell, GFP spread outside of foci on chromosomes, or other. Percentages are given and actual cell numbers
are in parentheses.
a Small globs of GFP surrounding chromosomes.
b GFP on chromosomes and near cell edges.
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mutation of the middle of the protein, such as allele 5,
does not abolish localization (Figure 1B, Table 1). To
prove further that the middle of the protein is dispens-
able for localization, we generated deletion k, which
removes 161 amino acids from MEI-S332. Even a dele-
tion of this size still allowed the protein to localize (Table
1). We conclude that this central area is not necessary
for localization.
We noticed, however, that in some cases, the GFP signal
seemed to be spread further along the chromosomes
rather than residing solely at the centromere. This might
be due to increased protein expression, because the GFP
signal in the cells was visibly brighter and there are high
levels of the MEI-S332-GFP protein (Supplemental Fig-
ure S1D). To test this hypothesis, we separated the 25%
of cells with the highest levels of fluorescence from cells
that fell in the middle 50% of fluorescence levels and
examined the localization of deletion proteins h and i.
We found that all of the examples of GFP signal spread-
ing were found in the high fluorescence population. This
was also true for very rare cases of GFP spreading seen
with the full-length construct (data not shown). These
results raise the possibility that the PEST domains con-
tribute to instability and reduced protein levels. These
Figure 2. MEI-S332-GFP Expressed in Human Cells Localizes tofindings also indicate that MEI-S332 does not have an
Metaphase Centromeres
intrinsic property of binding only to the centromere [12],
(A and B) Representative metaphases from (A) an untransfected
and with increased protein levels can localize to the 293T cell and (B) a cell transfected with mei-S332-gfp. DAPI staining
arms. The CENP-A-like protein CID is necessary for MEI- of DNA is shown at left, anti-MEI-S332 staining in the middle, and
S332 localization [13]. Perhaps when MEI-S332 is over- merged images to the right. Scale bar equals 5 m.
(C) Metaphase cell transfected with mei-S332-gfp and costainedexpressed, it saturates its centromeric anchors, possi-
with kinetochore marker, anti-Bub3. Bub3 staining (green) is shownbly including CID, and thus can localize over a larger
in the left panel, MEI-S332 staining (red) in the middle panel, andchromosomal region.
merged image (with DAPI shown in blue) in the right panel. Scale
Whereas the conclusion that the C terminus of MEI- bar equals 5 m.
S332 is essential for centromere localization is consis-
tent with the in vivo meiotic consequences of mutations
in this domain, the results of deleting the N terminus some GFP foci on the chromosomes (Table 1). Deletion
provide new insights into its function. These experi- g could also be disrupting protein structure by destabi-
ments delineate the coiled-coil region as being crucial, lizing the coiled-coil conformation and thereby indirectly
yet we previously observed that the amino acid changes impairing protein localization. Given the lack of se-
in alleles 3 and 8 predicted to disrupt coiled-coil struc- quence conservation in the region of deletion g, we favor
ture do not impede localization in mitosis or meiosis the latter explanation.
in vivo [2]. The amino acid mutated in allele 8 appears These results highlight the role of conserved domains
to be conserved and is usually a hydrophobic residue in the MEI-S332 protein family in centromere localization
in the MEI-S332 family members [6, 8]. There are several of the protein. In addition, we learned that the middle
possible explanations for the discrepancy. The coiled- of the protein is not involved in localization. While the
coil may be essential for localization, but perhaps these central region of the protein is not needed for localiza-
single point mutations, which have only moderate non- tion, it may be necessary for the function of the protein
disjunction effects, are not disruptive enough to abolish in protecting cohesion.
chromosomal localization of MEI-S332. A stronger allele
in the N terminus, mei-S3329, could not be tested for
Drosophila MEI-S332 Is Recognized by the Humaneffects on localization in vivo because levels of mutant
Centromere Localization Machineryprotein are low [2]. Alternatively, a coiled-coil structure
Given that mei-S332 is part of a conserved protein fam-may not be necessary but the domain itself could be
ily, we tested whether Drosophila MEI-S332 could becritical for localization.
localized onto human prometaphase chromosomes. WeAnother deletion suggested a role for the interval im-
expressed mei-S332 fused to an N-terminal gfp undermediately C-terminal to the coiled-coil region (deletion
a constitutive promoter in transiently transfected humang, Table 1). However, when this region was divided into
293T cells. We saw specific localization of MEI-S332 ontwo smaller regions (deletions d and f), both regions
chromosomes in cells that were in mitosis. The foci ofwere not essential for localization (Table 1). Western
GFP colocalized with foci of anti-Bub3, a protein foundblotting showed that deletion g did not destabilize the
at the kinetochore, showing that MEI-S332-GFP local-protein (Supplemental Figure S1). It is possible that the
ized to centromeres (Figure 2). Thus, the protein machin-areas removed by deletions d and f are redundant. A
small percentage of deletion g metaphases do show ery that facilitates the localization of MEI-S332 to mitotic
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centromeres is conserved. This observation is consis- sembly onto chromosomes are controlled indepen-
dently. The localization of MEI-S332 to metaphase chro-tent with the recent identification of mammalian MEI-
S332 family members [6, 8]. mosomes in DRAD21-depleted cells also demonstrates
that MEI-S332 remains localized and does not simply
fall off the chromosomes in the absence of cohesin. In
The Cohesin Complex Is Not Required addition, our findings are consistent with the observa-
for MEI-S332 Localization tion that MEI-S332 localizes to metaphase chromo-
In S. cerevisiae and S. pombe, the MEI-S332 counterpart somes in Drosophila deco mutants. Drosophila DECO
Sgo1 appears to protect centromeric cohesin from be- is a homolog of yeast Eco1/Eso1, a protein that is
ing cleaved in meiosis I, thereby preventing the release needed to properly establish cohesion between sister
of sister-chromatid cohesion until meiosis II [6–9]. The chromatids [15].
Rec8 subunit of meiotic cohesin was found to localize
normally in sgo1 mutants in prophase I [6, 8], but it
MEI-S332 Will Localize to a Single Chromatidhas not yet been examined if MEI-S332 family members
To test whether MEI-S332 can localize in the completerequire cohesin for localization. The timing of MEI-S332
absence of sister-chromatid cohesion, we examinedand Sgo1 delocalization relative to cohesin cleavage is
MEI-S332 in a double parked mutant. The DOUBLEimportant in evaluating whether these proteins protect
PARKED/Cdt1 proteins are essential factors in replica-cohesin merely by their presence at the centromere,
tion initiation (reviewed in [16]). In double parked (dup)or whether they can retain localization without actively
mutants, S phase in cycle 16 of Drosophila embryogene-protecting cohesin. A first step is to determine whether
sis is blocked but chromosomes are able to condenseMEI-S332 can localize in the absence of cohesin. Be-
and enter mitosis [17, 18]. We found that despite thecause meiotic cohesin complexes have not yet been
absence of a replicated sister chromatid, MEI-S332 lo-characterized in Drosophila and there are no known
calized onto the chromosomes (Figures 3F and 3G).mutations in cohesin complex proteins, we used the S2
Although MEI-S332 was capable of chromosomal asso-cell system to address this question by depleting the
ciation, its localization was not entirely normal in thatcohesin complex subunit DRAD21 (also known as Scc1
the MEI-S332 signal appeared spread, rather than inor Mcd1) and examining endogenous MEI-S332 local-
tight foci. It has been shown that on the single sisterization.
chromatids of dup mutants, a functional kinetochore isRNA interference has been shown to effectively de-
assembled, capable of merotelic microtubule attach-plete DRAD21 [14]. Using 600 bp dsRNA fragments to
ments, with a normal localization pattern of INNER CEN-drad21, we were able to deplete much of the protein as
TROMERE PROTEIN (INCENP), the centromere histoneassayed by Western blotting (Supplemental Figure S2).
CID, and the BUB1 spindle checkpoint component [17,DRAD21 immunofluorescence also showed that DRAD21
19]. Thus, MEI-S332 localization to chromosomes islevels are much lower (Figure 3E and data not shown).
completely independent of sister-chromatid cohesion,In DRAD21-depleted cells, chromosomes appeared dis-
and cohesin is not required as an anchor.organized and failed to congress to proper metaphase
plates, showing that sister-chromatid cohesion indeed
had been disrupted [14] (Figures 3A–3E). The Separase Protease Is Required
for MEI-S332 DelocalizationTo determine if MEI-S332 depends on cohesin for
localization, we stained drad21 RNAi cells with an anti- We asked whether the regulatory mechanisms for re-
leasing sister-chromatid cohesion could affect MEI-MEI-S332 antibody and found that, strikingly, MEI-S332
localized to chromosomes. In all metaphase figures at S332. MEI-S332 dissociates from centromeres at the
metaphase-anaphase transition, although these cyto-66 hr (n  43) and 90 hr (n  57) after dsRNA addition,
we observed MEI-S332 localization on chromosomes logical studies do not have the resolution to determine
whether this slightly precedes or is coincident with(Figures 3A and 3C, Supplemental Table S1). Cells
whose spindle and chromosome organization was suffi- cohesin release. Some of the components for regulating
cohesin release have been characterized molecularly.ciently disrupted such that we were unable to stage
them, indicative of inactivation of cohesin, definitively The separase protease has been shown to cleave the
RAD21 subunit of cohesin at the metaphase-anaphaseshowed MEI-S332 on chromosomes (Supplemental Ta-
ble S1). Because of the metaphase delay and chromo- transition in yeast and metazoan cells, thereby allowing
sister chromatids to separate (reviewed in [20]). In Dro-some disorganization in these cells, it was difficult to
identify anaphases unambiguously, but in a small num- sophila, separase activity is encoded by two proteins,
THREE ROWS (THR) and SEPARASE (SSE). Thr mutantsber of clear anaphases, MEI-S332 was not associated
with chromosomes (Supplemental Table S1). MEI-S332 are embryonic lethal, as the chromosomes are unable
to separate in the 15th mitosis of embryogenesis [21,was eventually able to dissociate from chromosomes in
those cells that managed to get through the cell cycle, 22]. Centromeric attachments remain such that chromo-
somes rereplicate and produce diplochromosomes inbecause telophases did not show any specific MEI-S332
localization (Figures 3B and 3D). Our results demon- the 16th cycle [23].
We examined MEI-S332 localization in embryos ho-strate that the localization of MEI-S332 is independent
of cohesin. It also appears that MEI-S332 is able to mozygous mutant for three rows. Mutant cells in which
cohesin release failed are recognizable by the distinctivedelocalize at anaphase from chromosomes in the ab-
sence of cohesin. diplochromosomes. We found that MEI-S332 localized
to mitotic chromosomes as normally seen in wild-typeThese data indicate that cohesin and MEI-S332 as-
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Figure 3. The Absence of Cohesion Does Not Cause MEI-S332 Delocalization in Metaphase
DRAD21 was depleted from S2 cells by RNAi. Though a mitotic delay is induced by the depletion of cohesin and metaphase chromosomes
appear disorganized, MEI-S332 still localizes onto condensed chromosomes and delocalizes by telophase. Cells were fixed and stained with
anti-MEI-S332 and anti-tubulin antibodies at 90 hr after dsRNA addition.
(A) Control metaphase figure.
(B) Control telophase figure.
(C) drad21 RNAi metaphase sample.
(D) drad21 RNAi telophase sample. DAPI staining is shown in blue, MEI-S332 in red, and tubulin in green.
(A–D) MEI-S332 staining alone. Scale bar equals 2 m.
(E) DRAD21 levels are reduced in RNAi samples. MEI-S332 localizes on the disorganized metaphases on the left but not in the interphase
cell on the right. DNA staining is shown in blue, MEI-S332 staining in red. Scale bar equals 2 m.
(E) Anti-DRAD21 staining shows that the metaphases do not have detectable DRAD21 compared to the interphase cell, which was not fully
depleted of DRAD21.
(F) In wild-type embryos, MEI-S332 localizes to metaphase centromeres (arrows) and delocalizes in anaphase (arrowhead). Scale bar equals
5 m.
(G) In dupa1 embryos, S phase of cycle 16 is blocked and cells enter mitosis as unreplicated nuclei, with chromosomes often appearing
overcondensed and fragmented. MEI-S332 localizes to these chromosomes, though in a broader distribution than in wild-type mitoses. MEI-
S332 staining is shown in red, phospho-histone H3 staining in green.
(F and G) MEI-S332 staining alone.
embryos, but also saw MEI-S332 signal in the nuclei of ase pathway can affect MEI-S332, we looked at embryos
mutant for pimples (pim). PIMPLES corresponds to theinterphase cells (Figure 4). This dispersed localization in
interphase nuclei was seen reproducibly. Such a pattern securin molecule that inhibits separase until the proper
time for sister-chromatid separation in many organismshas never been observed before and suggests that MEI-
S332 does not dissociate from chromosomes in anaphase (reviewed in [20]). It has been demonstrated, however,
that functional PIMPLES is needed also for active separ-and consequently persists into the next interphase. Al-
though it seems likely that MEI-S332 remains on chromo- ase activity in Drosophila, because mutants in pimples
display a failure to release sister-chromatid cohesionsomes in interphase because the signal is not diffuse
throughout the nucleus, we cannot exclude the possibil- and lead to diplochromosomes [24]. As in thr mutants,
MEI-S332 localized to chromosomes in mitosis andity that MEI-S332 is nuclear but not bound to chromo-
somes. showed nuclear staining in interphase in pim mutants
(data not shown), further providing evidence that MEI-As an additional test of the possibility that the separ-
Current Biology
1282
Figure 4. MEI-S332 Is Maintained at the
Attached Centromeres of Chromosomes in
thr1B Mutant Embryos
(A) In wild-type embryos, MEI-S332 is local-
ized to the centromeres of metaphase chro-
mosomes. Scale bar equals 2 m.
(B) MEI-S332 is displaced from the centro-
meres as sister chromatids separate at ana-
phase and the protein is not seen on chromo-
somes during interphase.
(C) In thr1B mutant embryos, the sister chro-
matids fail to separate at anaphase (M15) and
in the ensuing mitosis (M16) chromosomes
contain twice the number of chromatid arms.
MEI-S332 is localized to the centromeres of
these chromosomes.
(D) Punctate MEI-S332 staining of DNA during
the intervening interphase between M15 and M16 indicates that MEI-S332 did not delocalize from the chromosomes after M15. TOTO-3
staining of DNA is shown in red and the immunolocalization of MEI-S332 antibodies is shown in green.
(A–D) MEI-S332 staining alone.
S332 delocalization is dependent upon the separase unreplicated sister chromatids. Thus, localization of
MEI-S332 is not synonymous with the presence of cohe-pathway.
It is as yet unclear whether the requirement for separ- sion, suggesting that the activity of the protein in pro-
tecting cohesion may be regulated such that localizedase activity to delocalize MEI-S332 is direct or indirect.
There are two sites in MEI-S332 that fit the loose consen- MEI-S332 can be either active or inactive. The retention
of MEI-S332 protein in separase mutants reveals a pre-sus of a separase cleavage site (EXXR). By Western
blotting with polyclonal anti-MEI-S332 antibodies, we requisite for separase activity, directly or indirectly, in
MEI-S332 delocalization. This further indicates thathave not seen evidence of cleavage fragments in cell
cycle-staged embryos (T. Tang and T.L.O.-W., unpub- APC/C activity, independent of its role in activating the
separase pathway, is not sufficient to delocalize thelished results). However, such an analysis might not be
sensitive enough to reveal cleavage products if only a protein.
small pool of MEI-S332 is being cleaved. These putative
Supplemental Dataseparase cleavage sites are removed in deletions h and
Western blots of MEI-S332-GFP deletion proteins and drad21 RNAik (Figure 1A) that do not result in persistence of the
samples are shown in supplemental figures online at http://protein into interphase. Thus, separase activity may be
www.current-biology.com/cgi/content/full/14/14/1277/DC1. A sup-
a prerequisite for delocalization of MEI-S332 in ways plemental table describing MEI-S332 localization in drad21 RNAi
that do not involve direct cleavage of the protein. While cells and Experimental Procedures also are included.
it is possible that MEI-S332 delocalization requires
cohesin release, we do not favor this interpretation, Acknowledgments
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